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(57) Abstract 

A method and apparatus for use in growing single crystal bodies. The method includes directional solidification 
techniques in which a boule is pulled from a thermally controlled melt on a substantially continuous basis while the melt is 
continuously replenished from feed stock. The process is carried out in a vacuum and with or without a melt overflow. The 
apparatus includes a shallow through crucible (26), multiple pulling zones (40) and continuous silicon feed means (24) con- 
trolled by the melt level. 
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METHOD AND APPARATUS FOR GROWING SINGLE CRYSTAL BODIES 

BACKGROUND OF THE INVENTION 
Typical metallurgical silicon contains from 0.5 to as 
much as 2 wt% impurities. 

Efforts have been made to improve material of this 
quality by various treatments. These treatments have included 
various acid leaching sch^tes, molten solvent extractions and 
slagging. Improved grades of silicon metal with reduced impurity 
content have also been produced on a pilot scale the use of 
purer raw materials and improved furnace practice. (See e.g. L. 
Hunt, V. Dosajr J. McComick and A. Raucholz, Proc. 13th IEEE 
Photovoltaic Spec. Conf., p. 333, 1978). 

Typically, directional solidification of such treated 
feed material has been employed as a final step to take 
advantage of the partitioning of impurities into the liquid 
during solidification. The efficiency of this partitioning for a 
given impurity element is indicated the so-called segregation 
coefficient which is simply the ratio of the solubility of the 
particular impurity in solid silicon to the solubility in liquid 
silicon at the melting point* 

Knowledge of the effectiveness of 'this segregation 
process has made it a proven way to provide purification through 
some form of directional solidification in which impure starting 
material is melted and a boule of silicon is drawn from the melt, 
during which process a certain fraction of the impurities remain 
in the melt. The techniques and equipment associated with this 
purification approach thus far have been too expensive and have 
not proven to be particularly efficient in purifying the silicon. 
If all of the melt is solidified into the boule, a substantial 
section of the lower portion of the boule will contain an 
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unacceptable concentration of impurities and must be cut away as 
waste. 

Heretofore, procedures of this nature were performed on 
a batch basis which was time consuming and expensive. Each batch 
required loading, melting^ seeding, growing and cooling for each 
set up and involved about a day's time for each batch. In 
addition, a new crucible was required for each batch. On the 
average, about 25% of the available silicon was wasted by this 
method. 

Accordingly, it is an object of the present invention 
to provide a novel method and associated apparatus for growing 
single crystal bodies. 

. SUMMARY OF THE INVENTION 
The method of fonning crystal bodies from materials such 
as silicon, comprises the steps of melting crystal forming 
material, delivering the same into a shallow temperature 
controlled crystal-forming crucible having a plurality of pulling 
zones, and maintaining the level of the melt therein by 
replenishment with fresh quantities of crystal- forming material. 
A seed placed on the surface of the melt is withdrawn in a 
directional solidification step. 

When growing single crystals the process is carried out 
under a vacuum, using pure silicon feed material. 

This invention also features an apparatus for growing 
single crystal toules therefrom on a substantially continuous 
basis. The apparatus includes a closed chamber having a shallow 
trough crucible with multiple pulling zones and feed melt 
replenishing means connected thereto and controlled by the level 
of the melt in the trough. For growing single crystals vacuum 
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means are provided for evacuating the chamber. Pulling equipnent 
associated with the melt is adapted to pull boules vertically 
from the melt. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Fig. 1 is a view in front elevation, partly in section, 
of a combination crystal pulling and silicon purifying apparatus 
made according to the invention; 

Fig. 2 is a cross-sectional view taken along the line 
2-2 of Fig. 1; 

Fig. 3 is a top plan view of the trough portion of the 
apparatus showing multiple pulling zones for boule formation? 

Fig. 4 is a cross-sectional view taken along the. line 
4-4 of Fig. 3; 

Fig. 5 is a detailed sectional view in side elevation 
showing one of the pulling stations of Figs. 3 and 4. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Referring now to the drawings, the reference character 
10 generally indicates a housing for use in purifying relatively 
impure crystal-forming materials such as -silicon as well as for 
pulling single crystal boules of silicon, or the like, from the 
melt thereof. The chamber 10 is connected by means of a duct 12 
to a hopper 14, or the like, containing fragmented silicon or 
other such material. The hopper 14 connects to the duct 12 by 
means of a vibratory feeder 16, or similar dispenser. 

The hopper 14 is mounted on a suitable frame 18 to 
position the hopper at a height above the housing 10 so that feed 
stock in the hopper may flow down through the duct 12 which 
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extends through a sealed opening in the wall of the housing 10 
into a crucible 20 in which the feed stock is melted by heating 
elements 22. From the crucible 20 a melt feed 24 delivers molten 
silicon into a shallow trough 26, also located within the housing 
chamber. In practice, the housing 10 forms a sealed, air-tight 
chamber, which can be put under vacuum in order to eliminate or 
reduce silicon oxides which can interfere with single crystal 
growth or pressurized with an atmosphere of argon or the like 
when in a purifying mode. 

The trough 26 is made out of a suitable material 
capable of withstanding the high heat involved in maintaining the 
silicon or the like in a molten state as well as not reacting 
with the silicon. For this purpose graphite with fused silica 
liners have been found satisfactory expecially for growing 
single crystal boules. The trough 26 includes a replenishment 
area 27 at one end thereof directly below the melt feed 24, In 
the replenishment area 27 there is a liquid level sensing device 
generally indicated by the reference character 2B which includes 
a stem 30 at the lower end of which is a float 32 adapted to ride 
on the surface of the inalt. The stem 30 drives a transducer 34 
which, in turn, provides a feed back signal to the vibratory 
feeder 16, turning the feeder on and off as necessary to maintain 
a substantially constant level of melt in the replenishment area. 
Various other level sensing devices may be used such as optical 
detectors, mechanical feelers, and the like. Preferably the 
level control area should be spaced somewhat from the 
replenishment area and protected as by a barrier 29 (Fig. 3) to 
prevent the generation of false signals disturbances of the 
melt surface from replenishment material entering the trough 
through the melt feed 24. 

The trough is also formed with a plurality of crystal 
growing areas 40 (a), (b) etc., preferably arranged in a row 



wo 86/06109 



PCT/LS85/00697 



-5- 

lengthwise of the trough 26. The trough typically is in the form 
of an elongated rectangle having a bottom wall 42, low sidewalls 
44 and 46 and end walls 48 and 50. Below the bottom wall 42 
independent heating elements 52, 54, 56 etc. are disposed, one 
underneath the replenishment area and one under each growing 
area. The heating elements are energized by means of electrical 
cables 58, 60, 62 etc. 

Each growing area 40 is located within an enclosure 
defined by walls 64 defining a generally square area along the 
centerline of the trough. The walls 64 are formed with openings 

66 and 68 at opposite sides thereof to allow the flow of melt 
through the zone* Each growing area is thermally isolated from 
adjacent growing areas by suitable means such as double side 
walls 65 separated by a space therebetween. Within each 
enclosure there is provided a sub-surface thermal stabilizing 
disc 67 (Fig. 5) generally corresponding with the diameter of a 
boule 69 being drawn from the growing zone. The stabilizing disc 

67 serves to stabilize the shape of the boule as it is drawn 
vertically upwards by means of a pulling mechanism well known in 
the art and generally indicated by reference character 70. Above 
each zone and slightly spaced from the surface of the melt is a 
radiation shield 72 of an annular configuration having an inside 
diameter generally corresponding with the diameter of the 
stabilizing disc 67. The function of the shield 72 is to control 
radiational heat loss outwards of the boule so that the melt 
around the outer portion of the zone remains in a liquid state. 
The melt delivered by the irelt feed 24 into the trough will flow 
along a feed channel 74 on the side of the trough with fresh melt 
entering into each growing zone through its wall opening 66 to 
form a shallow pool of nelt, preferably, 1" or less deep. Excess 
melt will flow out of the opposite opening 68 into a drain 
channel 76 formed along the opposite side of the trough. The 
drain channel leads to an overflow weir 78 which, when used. 
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continuously carries away from the trough impurities which would 
otherwise increase in concentration in the melt. Typically, the 
overflow weir 78 is designed to carry off about 10% of the tnelt 
and preferably is taken by an overflow arrangement at the melt 
surface. 

The overflow control preferably is in the form of a 
weir wall having a notch in its upper edge and is used when the 
equipment is in the purification mode, but is removed, blocked 
off or otherwise disabled when the equipment is in the single 
crystal growing irode, using high purity feed. A drain tube 79 
beyond the weir 78 carries away the overflow. Other means for 
continuously removing a portion of the melt can be provided. For 
example, instead of the drain arrangement shown, another boule 
forming station could be provided to form a boule trcxn the impure 
melt. 

Whether the directional solidification process is 
carried out to form poly-crystalline or single crystal boules, 
the trough utilized should be shallow. It has been found that it 
is easy to control solidification and crystal growth from a melt 
in a shallow trough as opposed to deep trough since the shallow 
trough substantially reduces effects due to convection currents 
in the melt. Using a shallow trough, thermal isolation of 
adjacent growing zones and an independent puller associated with 
each growing area, maximum control is achieved since the large 
thermal mass characteristic of the iT>elt corrmonly used in a large 
Czochralski system is not present. 

A simple optical system providing feedback to control 
the independent heaters is one means for controlling the boule 
diameter while the crystal pull rate is kept steady. 

Ccinpared to conventional systens, the reseeding time 
involved in the directional solidification method and apparatus 
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as disclosed herein is at a minimum, since approximately 95% of 
the possible pulling time available is productively utilized. 
With a conventional system a significant amount of time is lost 
in reseeding since it is necessary to melt new feed materials, 
then seed and finally neck the end product. By providing a 
continuous feed, with or without a continuous 10% overflow, no 
time is lost in replenishment thereby providing a very consistent 
product, whereas in a conventional system there is a substantial 
amount of down time as new feed is prepared. Also, the purity of 
the product varies at different parts thereof because of changing 
concentrations of impurities. Using a low volume shallow trough 
crucible it is possible to achieve continuous production of 
several boules with independent control over the fonnation of 
each boule and involving low capital cost per boule. 

In a single production batch procedure, a long down 
time is involved in melting the feed stock and, typically, each 
boule requires a relatively high capital cost. Using fused 
silica liners in the crucible it is possible to qperate on a 
substantially continuous basis up to a week using one fused 
silica liner. In a batch process the crucible must be replaced 
after each batch and a significant part of "down time is involved 
in setting up for each cycle. This results in a substantial 
amount of lost growing time as compared to the present invention. 
By having the multiple boule pulling capability, a single housing 
unit involving relatively small incremental capital cost may be 
used, as opposed to a single ingot production which requires a 
relatively high capital cost per boule. 

As shown in Fig. 4, each pulling station is equipped 
with its own pulling machanism 70 carried on a tower 80 mounted 
on the top of the chamber above each growing area 40. Each tower 
is of a height sufffcient to accomodate a full length boule, 
typically 4' and perhaps 6 - 8" in diameter pulled fran the 
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trough by means of a rod 82 (Fig. 2), or the like, extending from 
mechanism 70 down through the tower into the chamber 10. A seed 
holder 84 is attached to the lower end of the rod and is adapted 
to be moved down to the melt surface and then pulled upwards as 
the boule forms. 

When the apparatus is used in the single crystal 
forming node, the 'chamber is evacuated by cpening a valve 86 to a 
vacuum source 88 and the procedure is carried out under a low or 
partial vacuum. A trough with quartz liner is employed and the 
overflow wier is not utilized. (If the apparatus is in the 
purifying mode, the overflow weir is used and instead of a 
vacuum, the chamber is charged with an atmosphere of inert gas 
such as argon by opening a valve 90.) When growing a single 
crystal, the starting material should be purer than the starting 
material used in the purification process (metallurgical grade 
silicon) . 

When a boule has been grcwn to its intended length, it 
is drawn up out of the melt and into its respective tower. The 
tower is then sealed off fran the chamber 10 by closing a gate 
valve 92 located at the lower end of each tower. The vacuum in 
the tower can be broken or the argon pressure relieved by opening 
a valve 94 in a vent line 96. Thereupon, an elongated door 9B 
extending substantially the full length of each tower may be 
opened to permit removal of the boule and reseeding of the seed 
holder. Once reseeded, the vent valve 94 is closed, the door 98 
is closed and locked, the tower evacuated or charged with argon, 
as required, the gate valve 92 opened and the seed holder lowered 
to the melt surface for another growing cycle. 

The continuous replenishment of the melt not only 
permits nore efficiency in either mode of operation, it also 
allows for uniform doping of the material in the single crystal 
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growing mode. The close thermal control over each growing 
station contributes to an end product of consistent high quality. 
The thermal control reduces the effects of changes in growth 
speed and defect formation. 

While the invention is particularly useful with respect 
to the processing of silicon, it can be used advantageously with 
other crystal material that melts congruently and, in general, 
any material that can be grown by the Czochralski method and 
equipment can be processed by the method and apparatus disclosed 
herein. Those elements and compounds handled most easily are 
characterized by a low vapor pressure, typically 1/10 of an 
atmosphere or less. For materials having higher vapor pressures, 
special means would be required to contain the material. 

While the invention has been described with particular 
reference to the illustrated embodiments, numerous modifications 
thereto will appear to those skilled in the art. 



Having thus described the invention, what I claim is: 
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1. A method of growing a single crystal body fron a 
melt thereof/ comprising the, steps of: 

(a) heating crystal-forming material 
to form a melt thereof, 

(b) delivering said melt to an 
evacuated crystal growing zone 
on a substantially continuous 

basis to form a shallow pool thereof r 

(c) applying a crystalline seed to the 
surface of said melt in said zone 
and r^noving a single crystalline 
body therefrom at a rate equal to 
the rate of crystallization of said 
melt, and, 

(d) controlling the temperature of the 
melt in said pool for maintaining 
an equilibrium between crystal 
growth and melt replenishment. 



2. The method of claim 1 wherein said seed is 
withdrawn vertically from said melt to form a boule thereby. 

3. The method of claim 1 including the step of 
applying at least one dopant selectively to said xvelt on a 
substantially continuous basis. 

4. The method of claim 1 wherein said melt is an 
element selected from the group consisting of silicon and 
germanium. 

5. Apparatus for growing a single crystal body from a 
melt .thereof comprising: 

(a) walls defining a chamber, 

(b) container means in said chamber 
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adapted to contain quantity of 
said melt, 

(c) melt replenishment means operatively 
associated with said container means 
for replenishing said melt on a 
substantially continuous basis, 

(d) vacuum means operatively associated 
with said chamber for maintaining a 
vacuum in said chamber, and, 

(e) pulling means operatively associated 
with said chamber for pulling a 
single crystal body from said melt 
on a substantially continuous basis. 

6. Apparatus according to claim 5 wherein said 
container means includes a shallow trough. 

7. Apparatus according to claim 6 wherein said trough 
includes a plurality of separate crystal growing zones 
communicating with said nelt replenishment nneans, and individual 
pulling means qperatively associated with each of said zone 
whereby a plurality of single crystal bodies can be pulled 
simultaneously from a single trough. 

8. i^paratus according to claim 7 including individual 
heating means operatively associated with each of said zones. 

9. Apparatus according to claim 7 wherein said pulling 
means is nounted above each of said zones for pulling a single 
crystal boule frcra each of said zones vertically from said melt 
in each zone. 

10. Apparatus according to claim 8 including a 
stabilizing ring mounted in each zone below the surface of the 
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melt for controlling the diameter of the boule drawn therefrom, 
and an annular radiation shield mounted concentrically to said 
ring and above the melt surface, said shield having an inside 
diameter greater than the diameter of the boule drawn 
therethrough. 

11* ^paratus according to claim 5 wherein said walls 
define a second chamber connected to and comnunicating with said 
first chamber and connected to said pulling means, said second 
chamber adapted to receive said single crystal body pulled by 
said pulling means from said melt, closure means connected to 
said second chamber for providing access thereto and isolation 
means connected to said second chamber for selectively isolating 
said second chamber from said first chamber. 
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FIG, 2 
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